Neutrophils have long been regarded as one of the most important of the induced host innate defenders primarily because they are the earliest cells to arrive at sites of infection or inflammation in response to chemotactic signals. They can rapidly accumulate in large numbers and deploy a diverse arsenal of weapons aimed at eliminating invading pathogens. Resolution of inflammation and infection involves apoptosis of neutrophils and phagocytic elimination by macrophages. As such, neutrophils are often regarded as potent but short-lived cells with limited ability to affect adaptive immunity (34) . Nonetheless, their biological significance may extend beyond this view insofar as neutrophils can also display immunoregulatory activity on other cells of the immune system (2, 6, 14, 34, 48, 54) .
Neutrophils engulf pathogens through phagocytosis, and the resulting microbe-carrying phagosome fuses with lysosomes where the microorganism can be degraded. Microbial killing relies on both oxidative and non-oxidative mechanisms. Oxidative mechanisms involve production of reactive oxygen species through the activity of the NADPH oxidase enzyme complex, while non-oxidative mechanisms rely on the release of antimicrobial peptides and proteases (22, 23) . Together, these mechanisms were until recently thought to encompass the whole antimicrobial activity of neutrophils.
A landmark study by Brinkmann et al. identified a previously unrecognized neutrophil antimicrobial mechanism involving release of nuclear DNA that can entrap and kill extracellular pathogens (11) . Originally discovered in neutrophils, formation of extracellular traps has now on August 29, 2017 by guest http://iai.asm.org/ Downloaded from 4 been described in eosinophils and mast cells (50, 55) . Neutrophil extracellular traps (NETs) have been shown to be composed of a DNA backbone studded with histones and laced with various anti-microbial peptides that together can kill microbial pathogens. Several bacterial and fungal pathogens have been shown to be susceptible to NET killing, including Staphylococcus aureus, Streptococcus pyogenes, Streptococcus pneumoniae, Escherichia coli, Mycobacterium tuberculosis, Listeria monocytogenes and Candida albicans (5, 11, 13, 27, 38, 47) . There is also evidence that some bacterial pathogens avoid killing by NETs by releasing nucleases (5, 13). At present, much less is known about the extent to which neutrophils form NETs in response to protozoan pathogens, although there is recent evidence for Leishmania-induced NET formation (25, 28). The ability of another major protozoan parasite, Toxoplasma gondii, to elicit neutrophil recruitment during infection raises the question of whether or not NET formation is elicited by this important human opportunistic pathogen. Toxoplasma normally causes asymptomatic infection in immunocompetent individuals but the parasite can cause serious clinical disease in immunocompromised hosts (21, 31) . Immunity to T. gondii consists of a strong Th1 response that provides protection to the host. However, this inflammatory response can become pathological if not appropriately controlled by down-modulatory cytokines (26, 43) . There is evidence that neutrophils play a role during Toxoplasma infection, inasmuch as they are rapidly recruited to the site of infection, lack of recruitment in the absence of CXCR2 correlates with increased susceptibility, and they are capable of producing several cytokines and chemokines in response to the parasite (8, 10, 17, 18) . The ability of Toxoplasma to elicit formation of NETs has not been addressed. Here, we show for the first time that both murine and human neutrophils release NETs in response to all three major clonal lineages of Toxoplasma, and that the parasites become physically entrapped by these macromolecular structures. Formation of NETs (also called NETosis) is invasion independent, but partially depends upon activation of ERK1/2 MAPK. In a mouse intranasal infection model that stimulates rapid neutrophil accumulation into the lungs, we provide in vivo evidence for release of NETs in response to the parasite. We hypothesize that NET release by neutrophils functions as an innate mechanism of parasite killing, and that by trapping parasites, NETs interfere with the ability to infect host cells and establish infection. 
Mice.
Female C57BL/6 and Swiss Webster mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) or Taconic Farms (Germantown, NY, USA) and used at 6-8 wk of age. C57BL/6 LYS-eGFP knock-in mice were a generous gift from David Sacks (National Institutes of Health). All mice were maintained in the Transgenic Mouse Core Facility at the Cornell University College of Veterinary Medicine, an SPF facility which is accredited by the American Association for Accreditation of Laboratory Animal Care. All animal experiments were approved by the Cornell University Institutional Animal Care and Use Committee.
Mouse neutrophil isolation.
Mouse neutrophils were isolated as previously described (1).
Briefly, mice were i. p. injected with 0. Briefly, coverslips were fixed as described above, then permeabilizated using ice-cold 100% methanol for 10 min at -20°C followed by washing in PBS. Coverslips were blocked for one hr at room temperature then incubated overnight with anti-histone H3 Ab. Mouse neutrophils undergo NETosis in response to PMA. Most studies to date that examine NET formation have employed human neutrophils (11, 24, 25, 30) . We wanted to determine whether mouse PMN could also release NETs after appropriate stimulation, and in particular in response to T. gondii. We used as a cell source thioglycollate-elicited, Percoll gradient-purified mouse neutrophils (1). In addition, we employed cells isolated from LYS-eGFP knock-in mice in which GFP-tagged lysozyme is constitutively expressed. The reasoning for this was that it has been shown that lysozyme is retained inside cells undergoing NETosis (46). Since
NETs are composed of a DNA backbone with histone molecules studded across the DNA fibers, we stained for both DNA and histones as a positive identifier of NET formation. As shown in were stimulated with PMA then they were treated at specific time points with micrococcal nuclease to solubilize extracellular DNA. Cell-free supernatants were tested for nucleic acid content using PicoGreen, a fluorochrome that binds specifically to double-stranded DNA. As is shown in Fig. 2A , PMA induced robust release of DNA, which could be detected within 2 hr of PMN stimulation. Furthermore, staining for Toxoplasma (panel C and D) showed evidence for parasite entrapment within the NETs. As with neutrophil stimulation with PMA ( Fig. 2A) , rapid release of doublestranded DNA during co-incubation with tachyzoites could also be quantitatively measured by
PicoGreen binding (Fig. 2B ). There are 3 major clonal lineages of T. gondii that differ in host responses elicited (32, 41) , prompting us to ask whether they differ in ability to induce NETs.
However, we found that like the Type I RH strain (Fig. 3A-D Active invasion is not required for NET formation. We envisioned that Toxoplasma could stimulate NET release during invasion of host cells, or that neutrophil DNA release could be triggered by soluble factors derived from extracellular parasites. To distinguish between these possibilities, we asked whether NET formation occurred in the presence of cytochalasin D, a drug blocking actin polymerization that is required for parasite entry into the host cell (20) . We confirmed that this drug also blocked invasion of neutrophils (data not shown). parasite entrapment within NETs (Fig 4C) . We conclude that invasion of host neutrophils is not required for NET induction by T. gondii. 
Killing of T. gondii in NETs.
We next assessed the viability of parasites entrapped within NETs, since these structures are known to contain anti-microbial components. To address this issue, we made use of Sytox Green, a live-cell exclusion dye that binds to dsDNA within dead cells or parasites, and that would also be expected to bind NETs. These experiments also employed a transgenically modified RH parasite strain that constitutively expresses Red Tomato fluorescent dye. In the presence of cytochalasin D neutrophils generated NETs (Fig. 5A ) during co-incubation with fluorescent tachyzoites (Fig. 5B) . Staining with Sytox Green revealed that many tachyzoites were nonviable ( Fig. 5C and D) . In this experiment, less than 1% of tachyzoites stained with this live-cell exclusion dye in the absence of neutrophils, but after coincubation approximately 25% of parasites were Sytox Green positive (Fig. 5I ). To determine whether parasite death was dependent upon NET formation as opposed to some other mechanism of killing, parallel experiments were performed in the presence of DNase. As expected, inclusion of this nuclease prevented formation of NETs ( Fig. 5E and G) . Strikingly, tachyzoites that were present in these cultures (Fig. 5F ) failed to take up Sytox Green ( Fig. 5G and H) . In this experiment, less than 1% of parasites took up this dye when DNase was included to prevent NET formation (Fig. 5I) . We conclude that NETs promote extracellular killing of parasites.
We performed plaque assays to confirm inactivation of tachzoites by NETs. As shown schematically in Fig of Cytochalasin D to prevent invasion and phagocytosis. After 6 hr parasites were recovered and plated on fibroblast monolayers, then plaques (indicative of zones of lysis) were enumerated 5-7 days later. Fig. 6B shows a plaque assay carried to completion, indicating that RH strain parasites recovered from neutrophil co-culture were impaired in their ability to cause fibroblast lysis compared to parasites incubated without neutrophils. In Fig. 6C , we counted plaques prior to complete lysis and found an approximately 50% decrease in plaque forming tachyzoites of both RH and Type II PTG after neutrophil co-incubation. Human neutrophils release NETs in response to T. gondii. Next, we sought to determine whether human neutrophils also responded to Toxoplasma with the formation of extracellular traps. To address this question, we first assessed extracellular release of nuclear DNA employing the human promyelocytic leukemia cell line HL-60 that can be induced to differentiate into mature, neutrophil-like myeloid cells when treated with dimethylsulfoxide (15). We determined whether differentiated HL-60 cells responded to parasites by extruding DNA using the PicoGreen DNA assay. As shown in Fig. 7A , PTG parasites stimulated robust release of extracellular DNA with kinetics similar to that seen using mouse PMN ( Fig. 2A) . Examination of the cells revealed presence of Sytox Green-positive DNA strands similar to that with stimulated mouse neutrophils (Fig. 7B) . In our hands, parasites provided an even stronger stimulus for NET formation than LPS or PMA (data not shown).
We then sought to determine whether or not freshly isolated human peripheral blood neutrophils also (Fig. 8A ). Cells infected with Toxoplasma also underwent similar release of extracellular DNA, and as predicted from the behavior of mouse neutrophils, blocking invasion with cytochalasin D had no effect on DNA release (Fig. 8A) . NET release by human neutrophils was confirmed visually by immunofluorescence assay (Fig. 8B-E) . Cells were incubated with T.
gondii in the presence of cytochalasin D for 4 hr then fixed and stained for parasites and DNA. We next asked whether inhibition of ERK1/2 activation affected NETosis triggered by
Toxoplasma. Neutrophils in the presence of MEK1/2 inhibitor or an equimolar concentration of DMSO were infected with Toxoplasma and NET formation was monitored. As expected, NETs were formed in the presence of parasites in medium alone (Figs. 9B and C). NETosis was decreased when ERK1/2 activation was blocked. Nevertheless, despite the potency of U0126 in blocking ERK activation, NET formation was not completely inhibited, and there was no significant difference in the presence and absence of inhibitor at later time points (Fig. 9C) .
Similar results were obtained with another MEK inhibitor (PD98059; data not shown). We conclude that optimal NET formation requires ERK1/2 signaling, but that this MAPK is not absolutely needed for the formation of extracellular traps.
We addressed the role of TLR signaling in mouse NET formation by comparing responses of gondii could elicit NET formation by PMNs recruited at a site of acute inflammation. To address this question, we employed a Toxoplasma mouse infection model in which parasites were administered intranasally and lungs were assessed 6 hrs later for parasite colonization, neutrophil recruitment, and NET induction. We employed this model because we wanted to introduce a single dose of parasites in a tightly controlled situation. However, we also note that T. gondii does indeed disseminate to the lungs during human and animal infection (19, 37) . Lungs from PBS injected mice displayed normal pulmonary architecture with minimal cellular infiltration ( Fig. 10A ) with no detectable myeloperoxidase (MPO) positive cells (Fig. 10B) , and no
Toxoplasma Ab-reactive cells (Fig. 10C) . However, lungs from infected mice lost normal pulmonary architecture and this was associated with massive cellular infiltration (Fig. 10D) . The infiltrating cells were mostly composed of neutrophils, as determined by expression of MPO in serial sections (Fig. 10E) . Large numbers of parasites were also present in the lung tissue (Fig.   10F ). Therefore, in this in vivo model of parasite-induced inflammation, neutrophils and Toxoplasma are brought into close proximity in infected tissue. Next, bronchoalveolar lavage fluid (BALF) was collected from the lungs of PBS administered and Toxoplasma infected mice that had also been administered control rat IgG. After a spindown step to remove cells, supernatants were tested for dsDNA as a measure of NET formation.
Samples from Toxoplasma-infected mice displayed greatly increased amounts of dsDNA compared to PBS-injected control mice, consistent with release of NETs in response to infection (Fig. 10G) . To determine whether this was due to presence of neutrophils, mice were administered 1A8 mAb to deplete Ly6G-positive neutrophils. As shown in Finally, we recovered BALF from infected control and neutrophil depleted mice and assessed parasite infectivity by plaque assay. As shown in Fig. 10H , there was a major increase in recovery of infective parasites in neutrophil depleted mice. Together, the data suggest that in this model, neutrophil recruitment to the site of infection results in NET release that negatively impacts the infectivity of parasites. Neutrophil extracellular traps are primarily composed of DNA, histones and other antimicrobial components forming an extracellular mesh that can trap and inactivate pathogens (52). In addition to histones, the antimicrobial components have been shown to include bacterial permeability-increasing protein (BPI), myeloperoxidase, as well as neutrophil elastase (11, 53) that are effective in killing Gram-positive and Gram-negative bacteria (11, 24) . It has also been shown that NETs are an important protective mechanism during fungal infection, and that they contain calprotectin, a molecule involved in defense against Candida albicans (46, 47) . We also obtained evidence for tachyzoite killing that depended upon formation of NETs. At present we
do not know what specific components of the NETs mediate parasite killing.
We hypothesize that another major functional consequence for NET formation in the context of T. gondii infection may be that they interfere with host cell invasion by ensnaring parasites. As an obligate intracellular protozoan, it is essential for Toxoplasma to establish itself within its NETosis is a newly recognized pathway of programmed fatality that enables neutrophils to exert anti-microbial activity even after the cells have died. The process of NETosis appears to involve histone citrullination-dependent chromatin decondensation, disintegration of the nuclear membrane, followed by mixing of nuclear and cytoplasmic effector proteins before eventual release to the extracellular milieu (12, 24, 36, 51) . The molecular mechanisms underlying this novel type of programmed cell death is an area of intense investigation (39). NETosis has been shown to depend on the generation of reactive oxygen species and a fully functional NADPH complex (40) . Neutrophils isolated from patients with chronic granulomatous disease (CGD), We considered the possibility that NET formation was triggered from within infected cells.
However, blocking invasion with cytochalasin D had no effect on formation of NETs. In addition, soluble sonicated parasite lysate could also trigger NET release, although not as efficiently as live parasites (data not shown). Taken together, it seems most likely that production of extracellular traps is mediated by factors released by extracellular tachyzoites. Nevertheless, while cytochalasin D blocks invasion, parasites are still able to attach to the host cell surface and discharge proteins into the host cell (29, 42) . It is possible that this phenomenon is involved in stimulating NET extrusion. is not a natural route of infection, it is nevertheless well established that parasites disseminate to the lungs and cause pneumonia in humans and animals (19, 37) . Furthermore, MyD88-dependent recruitment of neutrophils to the lamina propria occurs after oral infection with the parasite and there is evidence that neutrophils protect against infection (9, 16, 45) . Whether protection is a result of interference with invasion by NET entrapment or other neutrophil antimicrobial functions is not known, and may be difficult to determine until more is known about control of NET extrusion. Regardless, our data and those of others demonstrate that NET release is an event that is triggered upon encounter with both prokaryotic and eukaryotic microbial pathogens.
How this functions in host defense against infection or possibly might contribute to the disease process will be important issues to address in the future. 
